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(54) A light-emitting diode white light source 



(57) A system of at least three multi-coloured LED's 
has an optimized colour rendering index by proper se- 
lection of wavelengths of each LED, such system being 
useful for general illumination purposes. In a preferred 



embodiment, a blue LED has a wavelength in the range 
455 to 490 nm, a green LED has a wavelength in the 
range 530 to 570 nm, and a red LED has a wavelength 
in the range 605 to 630 nm. 
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Description 

The present invention relates generally to light-emitting diodes and, more particularly to using light-emitting diodes 
as a whito light source for general illumination purposes. 

Significant advances have been made in the technology of light-emitting diodes (LED's) since their invention in 
the 1960's. In the 1980's, red-emitting AIGaAs LED's were developed with external quantum efficiencies greater than 
10%, such devices actually being more energy efficient and longer lasting producers of red light than red-filtered in- 
candescent bulbs. For this reason, they are now cost-effective replacements for standard incandescent light sources 
in various applications such as automotive brake lights. More recently, high-efficiency light-emitting diodes have been 
developed and are commercially available in the blue and blue-green wavelength range based on the InGaN and 
AIGaN material systems. External quantum efficiencies of 5.4% in the blue and 2.1% in the blue-green have been 
demonstrated with these materials. This same material system has more recently been extended into the green and 
yellow color range with an external quantum efficiency greater than 1%. Alternative material systems based on ZnSe 
or II -VI compounds have been demonstrated to yield comparable efficiencies in the green to blue wavelength range. 

White-light LED systems are commercially available, but they are not competitive with standard white-light sources 
in either performance or cost. Accordingly, it is desirable to provide an LED system that is competitive with traditional 
light sources for general illumination purposes. 

A system of at least three multi-colored LED's has an optimized color rendering index (R a ) by proper selection of 
the wavelengths of each LED. In a system with at least three LED's, R a > 80 can be achieved, and in a system with 
at least four LED's, R a > 85 can be achieved. Such systems are useful for general illumination purposes. 

The features and advantages of the present invention will become apparent from the following detailed description 
of the invention when read with the accompanying drawings in which: 

FIG. 1 graphically represents relative spectral power distribution versus wavelength for each model system for the 
three-LED systems set forth in Table II; 

FIG. 2 graphically represents how the wavelengths that maximize the color rendering index (R a ) vary as a function 
of blackbody temperature; 

FIG. 3 graphically represents efficacy of a three-LED system as a function of quantum efficiency of the LED's; and 
FIG. 4 graphically roprosonts tho spoctral powor distribution of a four-LED system at 6000 K. 

For general illumination purposes, the critical performance parameters for a light source are its color, its efficiency 
in providing light dotoctablo by tho human oyo, and tho way in which colors illuminated by tho light sourco look to tho 
human eye. These three parameters are described quantitatively by the chromaticity, efficacy, and color rendition index 
(R a ), respectively In accordance with the present invention, a color model for combinations of two or more LED's has 
been developed and used to determine values for chromaticity efficacy, and color rendition index (R a ). 

The first step in defining an LED system is to specify the desired chromaticity of the system. The chromaticity of 
a light source is determined by integrating the source spectrum weighted with the spectral tristimulus functions as 
follows: 
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w: hmo a v ann / ^-^ t^ e ! r ist :mL- ii us vaiucs ; ; c tnr; M.noivt,j< ims t j \'>q :r>ree imaginary primary cuioi & m ine • 93 ! Cit 
(Commission Internationale de I'Eclairage) system, S (A) is the source spectral power distribution fooweroor unit wave- 
length), cit idx , y, nnd / are the spectral tristimulus functions The integrations are carried out over a wavelength interval 
from 380 to 770 nm. The chromaticity coordinates are then given by 

v _ X_ Y _ 

X X+Y~+ Z y X i Y + Z < 2 > 

It is usually desirable that an illumination source have a chromaticity near the locus of points in chromaticity space 
that correspond to blackbody sources. In this model, three systems have been considered, two corresponding to black- 
body sources at 2800 K and 3500K, and a daylight source at 6000K. (The chromaticity of daylight is slightly different 
from that for a black body.) Table I lists the three systems with their corresponding chromaticity coordinates. 
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Table I 
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System 


Color Temperature 


(x,y) coordinates 


LED-1 


2800 


0.452, 


0.409 


LED-2 


3500 


0.405, 


0.391 


LED-3 


6000 


0.322, 


0.338 



to Color mixing is an additive process, so that given Sj (X) for each of n LED's, the X tristimulus value of the system 

is given by 



(3) 



f =! 



Vatues for Y T and Z T are determined in similar manner. Let Sj (X) = A;f j (X), where Aj is the amplitude of each LED 
20 and fj (X) is the LED lineshape function. Using this expression and Equations (1), (2), and (3), the chromaticity coordi- 
nates for the system can be derived and are given by 



X T = 



y T =, 



(4) 



where Fj is the integral of i t (X) weighted with y. 

The amplitude of each LED can be determined by solving Equation (4) for A/ If it is possible to attain the desired 
chromaticity coordinates with the given LED's, then at least one solution to equation (4) will exist. For rt<3, this solution 
provides a unique determination of the relative amplitudes required for the individual LED's. For n>3, however, Equation 
(4) is underdetermined so that, in general, more than one solution for the relative amplitudes exists. 

In this model, i t {X) is a Gaussian function for each LED. The spectral distributions of actual LED's show that the 
core of the linoshapo is well-approximated by a Gaussian, but the "wings" tend to bo moro intonso than a Gaussian; 
in addition, thoro tends to bo Gomo ncymmotry in tho actual spoclml distribution with moro intensity on tho longor 
wavolonglh sido of tho poak. Sinco most of tho powor por unit wavolongth is containod in tho coro of tho linoshapo, 
the use of a Gaussian will provide a good approximation to an actual LED system The spectral linewidth of the LED 
is not an independent parameter In energy space the spectra! width is only dependent on the device temperature, so 

that j p u/q wpJpp/~itto P; D r 1 0 + h P W d '3 " ' O P'""' r * ' O n ' * C' * ^~ *~ ^ G : i r*. ' *~' '"' ' ' ' ^ ' U f ' ^1 ' K TV V £ J ' l 3 r 1 ' * ' """" ^ O ' ' r ^ W ' C? T "~ ^ P CJ * *~ Ci S 

calculations was determined from commercial LED spectra and was found to be -0.06 eV at 25°C 

The two critical figures rM mpnt for an i (-n whitoJinht syste^ R r c th, o c-fficacy rjp.d !ho gcr.cra' zc\z-~ •O'-Jo 
;r.cicx !hc ctticacy is the photometric analog of thy iridiOf netr ic efficiency, i.e., me efficiency is the ratio ot the visible 
power produced to the input electrical oower whereas the efficacy is the ratio of tho integral of tho v'S'bic powe r pe r 
unit wavelength weighted by the photopic eye response to the input electrical power. The efficacy for an LED system 
can be expressed as 
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s,U)n 

1 \S t (X)dX 



(5) 



where K = 683 lumens per visible watt and r|j is the external quantum efficiency of the ith LED, y being the normalized 
photopic eye response function A typical 100 Watt incandescent lamp has an efficacy of 18 lumensA/Vatt while a typical 
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40 Watt "cool white" fluorescent lamp has an efficacy of 72 lumens/Watt. 

The color rendering index is a quantitative measure of how different an object will appear when illuminated by a 
particular source as compared to a standard source. There are fourteen test objects specified by the CIE that are used 
in the calculation of color rendering. The specification of each test object is given by a reflectance function, i.e., the 
fractional reflected power per unit wavelength. Briefly the calculation consists of determining tho tristimulus values of 
the test objects when illuminated by the source of interest and by a standard source. Each tristimulus value is given 
by the integral of the source spectral power distribution weighted by the tristimulus function and the reflectance function. 
A color difference between two points in chromaticity space is defined, and is used to calculate the color difference 
between a given test object when illuminated by the source of interest and the same test object illuminated by the 
standard source. This yields fourteen special color rendenng indices. The general color rendering index R a is the 
arithmetic average of the first eight of these indices. The scale is set such that a blackbody source will have an of 
100 and a 3000 K "warm white" fluorescent lamp will give an R a of 50. Since a blackbody is used as the standard 
source for color temperatures less than 5000 K, R a ~ 100 for an incandescent lamp. 

In accordance with the present invention, systems of at least three LED's have been optimized for high color 
rendering capability in a manner heretofore unknown such that such three-LED systems are suitable for general illu- 
mination purposes. In a preferred embodiment, the selected wavelength for a first of the three light-emitting diodes is 
in a range from approximately 530 to approximately 570 nm, the selected wavelength for a second of the three light- 
omitting diodes is in a range from approximately 455 to approximately 490nm, and the selected wavelength for a third 
of the three light-emitting diodes is in a range from approximately 605 to approximately 630 nm. 

Table II lists wavelengths that maximize R a for a three-color system at three preselected chromaticity points. Ad- 
vantageously, R a > 80 for these systems, comparable to good color-rendering fluorescent lamps. 



Table II 



Color Temperature (K) 


(nm) 


^(nm) 


L(nm) 




Efficacy (lumens/Watt) 


2800 


482 


559 


621 


86.3 


35.2 


3500 


466 


547 


614 


84.1 


39.0 


6000 


463 


542 


610 


83.0 


35.8 



30 

The efficacies listed in Table li are obtained for the wavelengths that maximize R a while assuming -^ = 0.1 for each 
LED, efficacy being a function of r[ r Tho amplitude for each LED needed to yield tho chromaticities in Table I are shown 
in FIG. 1 which is a graph of rolativo spoctral power distribution vorsus wavelength for each model system. 

FIG. 2 graphically illustrates how tho wavolengths that maximize R a for a three-LED system vary as a function of 
35 blackbody temperature LED's chosen from each of the cross-hatched regions will result in an R a > 80. In general, a 
particular application requires a particular chromaticity. In accordance with the present invention, FIG. 2 is used to 
soloct tho wavolongths of tho LED's that provido tho highost availablo color rondoring for that tomporaturo. Similar 
curves can bo generated for chromaticities off tho blackbody locus, but such sources are less desirable for general 
lighting applications. 

40 FIG. 3 is a plot of how the efficacy of the 3500 K three-LED case in Table II extrapolates as the external quantum 

efficiencies for the LED's increase (assuming n.j is the same for all three LED's). Shown for comparison are the efficacies 
for some current technology lighting sources with which white-light LED systems might compete 

An enhanced color rendering system may bo achieved with four LED's In a preferred embodiment, the selected 
WHVOIongth for a first of the four hnht-emittmn Hiodos >s ,n a r a n ao fr om aporox!mntc!v 440 *o acD'~x — a^ivy 

45 the selected wavelength for a second of the four light-omitting diodes is in a range from approximately 455 to approx- 
imately 505 nm, the selected wavelength for a third of the four hqht-emittmq diodes is m a rang^ from qpnro Y i^nt 9 i v 
555 tc approximately 565: nm nncj ;r,r ; spi^t^M vv=iv'_'!er<ytn for [r.e tcsjrrn ;:qnt emitting ciicde \s in a range from np- 
proximately 610 to approximately 620 nm 

Table Ml lists tour wavelengths that have been determined to yield incandescent-hke values of R 

50 

Table III 



^(nm) 


Unmj 


Unm) 


L(nm) 


R 

a 


Efficacy (lumens/Watt) 


445 


500 


557 


615 


96.0 


31.3 



FIG. 4 graphically illustrates the relative intensity of the four-LED system specified in Table III. Not only is R a quite 
high, but all except ono of the special color rondoring indices are in excess of 90. When compared with the results in 
Tablo II for a throo-LED systom, R a is incroasod by 16% and tho officacy is docroasod by 13%, (Efficacy will gonorally 
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decrease when R a increases since the spectral power is distributed over a broader wavelength range.) Because of the 
significantly increased computational time associated with searching for the maximum R a in five-dimensional space 
(four wavelengths and one additional amplitude), only a fraction of parameter space was considered. Thus, the results 
in Table III do not necessarily represent the global maximum for R a . Advantageously, however, these results clearly 
demonstrate that exceptional color rendering is possible with an LED system. 



Claims 



1. A general illumination system, comprising: 

at least three light-emitting diodes, each light-emitting diode providing visible light at a preselected wave- 
length for optimizing color rendition index for the system. 

2. The system of claim 1 wherein the wavelength for each light-emitting diode is preselected by maximizing color 
rendition index using wavelength versus color temperature data 

3. The system of claim 1, comprising three light-emitting diodes, the wavelength for each light-emitting diode being 
selected such that the color rendition index for the system is at least approximately 80. 

4. The system of claim 3 wherein the selected wavelength for a first of the three light-emitting diodes is in a range 
from approximately 530 to approximately 570 nm, the selected wavelength for a second of the three light-emitting 
diodes is in a range from approximately 455 to approximately 490 nm, and the selected wavelength for a third of 
the three light-emitting diodes is in a range from approximately 605 to approximately 630 nm 

5. The system of claim 1 , comprising at least four light-emitting diodes, the wavelength for each light-emitting diode 
being selected such that the color rendition index for the system is at least approximately 85. 

6. The system of claim 5 wherein the selected wavelength for a first of the light-emitting diodes is in a range from 
approximately 440 to approximately 450 nm, the selected wavelength for a second of the light-emitting diodes is 
in a range from approximately 455 to approximately 505 nm, the selected wavelength for a third of the light-emitting 
diodes is in a range from approximately 555 to approximately 565 nm, and the selected wavelength for a fourth of 
the light-omitting diodos is in a rango from approximately 610 to approximately 620 nm. 
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